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Abstract 
Recently, great attention has been given to the transition from centralized to distributed generation energy production systems. 
There is a growing potential regarding the use of trigeneration systems in the residential sector because they have the ability to 
produce thermal energy and electricity from a single source of fuel. 
This study has the goal to determine the best systems able to satisfy the demand for electricity and thermal energy for a complex 
of historic buildings in Rome. Such analysis has been conducted using a specific tool conceived for energetic and financial 
analysis: the RETScreen software. 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of ATI NAZIONALE. 
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1. Introduction 
Nowadays the energy consumed by buildings placed in developed countries is the 20-40% of the total value of 
energy consumption and has even a higher value than the one reached by industries and transportation in the 
European Union and in the United States [1]. Some research projects led in Europe give a specific attention to the 
technical potential represented by the implementation of the trigeneration in the residential and tertiary sector in 
countries of the Mediterranean area [2]. In these countries the heating necessities is confined to just a few months in 
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the wintertime, and this is why the use of cogeneration systems is limited. Nevertheless there is a high need of 
cooling process for those months belonging to the summertime. Thanks to the combination of cogeneration and 
absorption refrigerators, the energy requirements demanded by the cogeneration could be extended and include 
summer months in order to fulfill some necessities represented by the cooling process.  
Those cogeneration systems (CHP) enable the simultaneous production of electric (and/or of the mechanic one) 
and thermal energy through one combustion process. This brings several advantages concerning the generation of 
the very same energy amount, having its starting point in separated production processes. The advantages are 
evident. Comparing the total amounts of energy produced, it can be discovered that the CHP systems use less 
primary energy. The heat generated by machines, those fitting for the electric production, is recovered during the 
cogeneration. The heat recovery can occur in the form of hot water or steam, in order to be used in situ for the 
fulfillment of those thermal requirements connected to the air conditioning of the environment with the purpose to 
produce hot water needed by healthcare systems. When too much heat is produced a solution could be to use it for 
generating a cooling process in absorption refrigerator machines. The electric energy produced by the cogenerator 
can guarantee the cooling process. Hence it has been introduced the idea of trigeneration, that is the simultaneous 
supplying of mechanic energy (or electric) and thermal energy in hot and cold circumstances, by using just one 
source of energetic provision. In these cases it is possible to increase the whole efficiency of the energetic production 
system to the 80% with consequential benefits both for the environment and the economy [3]. The traditional plant 
producing electric energy, can partially transform the energy of the fuel used in electric energy, the left-over energy 
is lost and considered as the heat which must be discarded. To increase the whole efficiency system, the observation 
of those requirements demanded by electricity and heating is vital. While the electric energy can be distributed until 
reaching long distances, the heating must be furnished to relatively close users. This can occur only if the thermal 
users are close to the cogeneration system [4]. The idea of trigeneration represents an extension of the CHP 
(cogeneration) which is the production in situ of a triple vector  of energy demanded by the user through the use of 
just one fuel source. A proper cooling demand during the summertime and thermal demand in the wintertime are 
essential for making the trigeneration feasible from an economic point of view. About this point, it can be said that 
the potential use can affect entire residential neighborhoods, in small-scale, and individual buildings, in micro-scale. 
There is an increase of potential use for the cogeneration systems in the field of residential area because they can 
produce usable thermal energy and electricity originated by one fuel source, such as natural gas. In those 
cogeneration systems, the energy conversion efficiency increases of the 80% respect to an average value of the 30-
35% for conventional fossils in generating systems of electric energy fed by fuel gas [5]. These technologies are 
used with a specific goal, that is: to satisfy the electric and thermal demands of a building, the generation of hot 
water and, maybe, the absorption cooling. Capital costs depend on those components which are part of the system 
and their technical specifications. These components are: the prime engine and generating set; heat recovery and 
expulsion system; exhaust fumes and the stack; fuel supply; control cards; piping, ventilation and combustion air 
systems; delivery costs and taxation. Installation costs are formed by such elements as: installation licenses, 
acquisition of a piece of land followed by preparation, construction of the building and the installation of the 
equipment. Some of these expenses cannot be applied to the residential field and to the field of  small commercial 
cogeneration systems. Costs regarding the running expenses include: fuel cost, personnel cost, the maintenance and 
insurance costs. 
This study wants to focus its attention on trigeneration systems generating electric and thermal energy for a 
complex of buildings in a XIX century villa placed in Rome. These buildings represent an interesting type of user, 
both in the residential and tertiary sector, whose features are particularly suitable for being exposed to a process that 
will make them energetically more efficient. That process will be based on these systems.  
2. Description of the technological system 
These conditions are essential for a right use of the cogeneration systems:   
x the simultaneous production of thermal and electric energy must be demanded (heating and/or cooling). It is also 
important the stack of heat and cold and the act of furnishing the electricity to the network weather with 
exchange and/or through selling.    
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x a suitable demand by users who require electric energy / thermal (this energy will be generated by the 
cogenerator). 
Conventional technologies for the cogeneration are (following the order of the outgoing traditional powers - Pe) 
[6]: 
x Internal combustion engines [Pe < 1 MW];  
x Fuel cells [Pe < 1 MW];  
x Gas turbines [Pe < 1 MW + 1 MW < Pe < 10 MW]; 
x Steam turbines (TV) [1 MW < Pe < 10 MW]; 
x Combined cycles: gas turbines + steam turbines [Pe > 10 MW]. 
Those technologies which are mainly used in the civil engineering field are the internal combustion engines, 
small gas turbines and  fuel cells. The technologies that do not exceed a value of 10 MVA, which have actually 
found a practical use, are: internal combustion engines; micro and mini gas turbines; Stirling engines. 
The use of cogenerative systems implies the following advantages: 
x high efficiency: 
ߟ௚ ൌ ߟ௘ ൅ ߟ௧ ൌ
ఎ೐ାఎ೟
ா೎
          (1) 
where: 
 Șg=total efficiency of the cogeneration system; 
 Șe =electric efficiency = Ee / Ec; 
 Șt = thermal efficiency = Et / Ec; 
 Ee =electric energy generated; 
 Et = thermal energy generated; 
 Ec = energy present in the consumed fuel. 
x low maintenance costs (depending on the kind of cogeneration used); 
x low values of total emissions (CO2, NOx, etc…); 
x high reliability of plants (depending on how established the CHP technology used is); 
x independence (partial or total) of the electric network, with the inevitable reduction of the production losses 
determined by the suspension of the electricity furnished.  
In the tertiary sector of those temperate climate countries, the heat demand is limited to just a few winter months, 
whereas there is a well-known cold demand (air conditioning) during the summer. In this case, thanks to a 
cogeneration plant, the heat can be used to generate cold, through cycles at absorption [7]. 
This process of "extended" cogeneration is known as tri-generation (a combined production of heat, cooling and 
power). Hence, the core of a cogeneration CHP lies in the machine that characterizes the entire system and generates 
both electricity and heat.  Together with an absorption refrigeration unit [8], the machinery generates cold, using the 
heat of the cogeneration process. This represents the second most important component of a tri-generation plant. 
The groups of absorption, in order to produce cold [9] must rely on the phenomena of condensation and 
evaporation. They have an evaporator which contains the refrigerant producing cooling. Unlike the mechanical 
compressor, these groups use a heat source powered by an external source of hot water or heat surplus. In other 
words the absorption machines are powered by steam, hot water or exhaust gases of combustion processes. The 
main parts of this absorption machines is formed by: an evaporator, a condenser, an absorber, a generator and a 
solution pump [10]. 
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A refrigeration vapor compression system produces cold right in the evaporator where the refrigerant evaporates 
and the heat is released in the condenser, where the refrigerant is condensed. Mechanical energy, which carries the 
refrigerant from a low temperature exchanger to a higher temperature exchanger, is supplied by the compressor 
[11,12]. 
For absorption cooling systems, using the lithium bromide as the absorbent and water as the refrigerant, the heat 
source (the thermal energy produced by the cogeneration system) must be at a minimum temperature of 60-80 °C. 
Systems that use ammonia as refrigerant, however, require a source of heat equal to 100-120 °C. 
The advantages of tri-generation consist: 
x Reduction of the fuel: the successful installation of CHP and the CHCP leads to a reduction of fuel about 25%, as 
compared in the traditional production of energy. 
x Reduction of emissions: reducing air pollution in the same proportion as the reduction of the fuel. With the use of 
natural gas, instead of oil and coal, emissions of SO2 are reduced to zero. 
x Economic benefits: energy costs of tri-generation plants are lower than those of traditional plants. With an 
adequate project and a successful installation, the energy price reduction is about 20-30%. 
x Increased reliability of energy supply: the connection of CHP systems in a network can ensure continuous 
operation in the suspension of the plant or interruption of the energy supply from the mains. At national level, the 
institutions must promote a decentralized energy generation, reducing the need for large power plants. This can 
also increase the local employment. 
x Increased stability of electricity networks: the tri-generation plants offer significant support to the electricity 
during summer months. The production of cold is satisfied by the process of absorption, with a lower 
consumption of electricity. 
3. Retscreen software 
This study has been conducted using of the “RETScreen - Clean Energy Project Analysis” software able to 
analyze: energy production, financial analysis, and GHG emission. 
The economic survey worksheet includes many financial parameters that allow the software to provide an output 
of the financial sustainability regarding the project [13,14,15]. It is the time that an investment recoups its own 
initial cost through the cash receipts it produces. In order to estimate the SPP such model uses the total of the 
following values: initial costs, annual costs and annual savings,. The model uses the year and the cumulative after-
tax cash flows in order to calculate the YPCF. YPCF represents the time that it takes, for the owner of a project, to 
recover its own initial investment from the cash flows previously generated [16]. 
In RETScreen, all clean energy technology models follow a standard approach to facilitate decision-making, with 
reliable results, and help to cut the time, and related costs, of pre-feasibility studies. 
RETScreen permits a comparison between a “base case”(typically the conventional technology or measure) and a 
“proposed case” (the clean energy technology). So, RETScreen does not deal with absolute costs, but the 
incremental costs between a proposed case and a base case, at lower costs. And, in order to evaluate the financial 
feasibility of a project, RETScreen makes a comparison between two different cases of a project. The proposed 
project usually implements a renewable technology (or technologies considered as similar like CCHP systems), and 
the base case generally relies on a conventional technology. RETScreen compares the incremental benefits and costs 
of the proposed project with the base-case project. 
The financial analysis can include an optional sensitivity and risk analysis that reveals how changes in inputs 
affect the viability of the project, in part through a Monte Carlo simulation that reruns the analysis 500 times with 
random variations in key parameters. 
4. The historical buildings and their energy demands 
In this study complex of buildings taken into consideration is in Rome (Italy) and occupies an area of about 
47.000 square meters, surrounded by a park and subjected to environmental and landscape laws. The complex of 
buildings will be transformed for academic use. It is formed by a main house 
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and several smaller buildings. 
Consumers’ energy demand is usually as follows: the heat demand for heating the building; the hot water 
building demand; the electrical demand for every utility. 
Energy demand can change when hour, day, month and season change. If we know variations of energy demand 
we can determine energy consumptions. 
The main building has a certain importance, since it is considered a historic building (therefore protected) 
because of its size and particular architectural structure.  The historic villa consists of a basement and three floors 
above ground, with tiled roof  (Fig. 1). 
The smaller buildings have two or three floors, with brickwork facades. The main house was built in two periods 
between 1895 and 1897. It has a central volume (eighteenth century style), enlarged and embellished by numerous 
volumes of different sizes and shapes which give a very detailed and striking shape. It is a fine example of 
eclecticism with the combination of medieval or Renaissance models, with features anticipating Art Nouveau. It 
combines the use of traditional and modern materials together with construction techniques full of details through 
the use of iron, cast iron and glass. 
The main façade presents neoclassical statues alternated with majolica tiles depicting floral chandeliers. The 
façade is surmounted by a neo-Gothic tower, crowned by an elaborate iron railing wrought. A side of the façade is 
driven by a structure in cast and wrought iron, supported by slender pillars and metal beams. It has a large room 
used as a winter garden. The other façade is decorated with columns covered with glazed tiles, female allegorical 
figures depicting the electricity, the mechanics and the chemistry. On every façade, arched windows alternate with 
frames in Renaissance style. All facades are highlighted by terracotta friezes, that represent delicate floral motifs. 
Other smaller buildings do not present significant elements. 
 
 
Fig. 1 – Main building of historical complex. 
The attempt to modernize the complex must protect the buildings (for their remarkable historical and artistic 
interest), but improve energy consumption as well, as required by European Directives and by national laws on 
energy saving. Also, the particular function of the building entails the need for continuity of service. 
The requirements of the building complex regarding thermal energy (conditioned spaces: 3.000 m2) are as 
follows: 
x Peak heating load: 420 kW; 
x Annual heating energy: 804 MWh; 
x Peak cooling load (cold): 510 kW; 
x Annual cooling energy: 1.414 MWh. 
The annual electrical energy demands (not for air conditioning) are about 2.750 MWh. These values represent the 
requirements of the building, whose calculation is based on the archive of the consumptions. 
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5. Equipment data and parameters of financial feasibility analysis 
This study will focus on how to determine the best systems that satisfy the demand for electricity 
and thermal energy in a complex of historic buildings in Rome. Particularly, this work is a comparison between 
the less expensive system, CASE "A": heat pumps (for every kind of thermal demand) and: 
x CASE "B": boiler plant (for the heating load) + chiller (for the cooling load), 
x CASE "C": trigeneration ("heat", "cold", electric energy). 
In CASE “A”, all thermal demands during the year are covered by a system of heat pumps. Heat pumps are 
powered by an electric grid. Cold water and hot water are distributed by two ring pipes that connect all the buildings 
of the complex. All electric requests of the building complex are covered by the mains. In CASE “B”, during winter 
time, the hot water is produced by a gas-fired boiler. Whereas in the summer time, cold water is produced by chiller 
systems (based on vapor compression refrigerator). All electric requests of the building complex are covered by the 
mains. In CASE “C”, the gas engine, driven by natural gas, is used to fulfill the electrical demand. High temperature 
water, which recovers exhaust heat from both the jacket cooling water and the exhaust gas, is distributed between 
the adsorption chiller, to meet the cooling load, and the heat exchanger, to provide the heating load. If the cooling 
does not completely satisfy the demand, even an electric chiller is used. The electric power can be purchased even 
from the main grid. 
In the following analysis, the unit of measurement for natural gas is m3/h while the unit for power terms is kW, 
including cooling, heating and electrical loads. The unit of run time is in hours and the heat value of natural gas is 
kWh/m3. The cost rates of electricity and natural gas have units of €/kWh and €/m3, respectively. All costs are in € 
(1€ = 1.29$; 1$ = 0.77€ - January 2013). 
Every cost of the prime energy unit consumed are the result of an accurate observation of the bills. In CASE A, 
the cooling power of heat pumps (air-cooled) installed is about 700 kW (two units, each one of 350 kW) with a COP 
of nearly 3,3. The total heating power is about 760 kW. The system is over dimensioned to have a reserve of power, 
such as to guarantee continuity. Normally, only one heat pump works, and the other one works only in peak periods. 
During the maintenance, a heat pump always works to guarantee the service. The cost of thermal energy production 
facilities is around 600.000 €. This particular case is less expensive. 
In CASE B, the hot water (at 85 °C) is produced by a gas-fired condensing boiler. It has an output of 500 kW and 
an efficiency of about 110% (compared with conventional boilers, based on the higher heating value of fuels). 
Always to ensure continuity, there is in reserve a second identical boiler. It works only during maintenance. Cold 
water is produced by a chiller group (based on a vapor-compression cycle): two units of 350 kW each one; total 
cooling power: 700 kW. We introduce this redundancy to ensure continuous operation. The cost of facilities for 
"CASE B" is about 160.000 € higher than "CASE A". 
In CASE C, the cogenerator was installed with an electrical output of 500 kW and a thermal output of 600 kW. 
One more cogenerator (with identical features) is in reserve and works only during maintenance. During 
summertime, the heat of the cogenerator feeds an absorption chiller (420 kW), arranging the cooling base load. A 
heat pump (210 kW), based on compression cycle, ensuring the peak load (and ensuring a partial redundancy). 
Cost of facilities for "CASE C" is about 700.000 € higher than "CASE A”, but in this case electric power in site 
is produced as well. 
The costs of every installed machinery are the evaluation of commercial catalogues belonging to the most 
important firms on the market.  
The costs of each system are comprehensive of all necessary equipment to a proper functioning of the entire 
system. 
We know take into consideration two financial scenarios: in the scenario 1, the comparison between the CASE A 
vs. CASE B, in the scenario 2 we compare the CASE A vs. CASE C. 
The financial parameters are the following: 
x inflation rate   %  3,2% 
x project life   yr  15 
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x debt ratio   %  2 simulation for each scenario: 0% ÷ 100% 
x debt interest rate  %  6,75% 
x debt term   yr  20 (scenario 1) – 15 (scenario 2). 
Debt ratio is the proportion of total systems cost that are being financed with borrowed funds. Debt term depends 
on the useful life of the systems. 
6. Energy results and financial performance 
Thanks to a predictive software, like the RETscreen, it is possible to simulate a wide complex of different 
scenarios obtaining data about the energy consumption (the cogeneration plant can produce energy, according to the 
thermal or electrical load; so, the simulated energy outputs - and its costs - are different). 
In the first scenario ("CASE A" vs. "CASE B") as in the second scenario ("CASE A" vs. "CASE C"), the 
proposed energy systems meet only the required thermal peak power and the thermal energy requirements of the 
building complex (as shown in Tab. 1 and Tab. 2). The tables 1 and 2 (consisting in an extract of the output from the 
software) show how those energy necessities are fulfilled. It shows what is the source of the primary energy used, 
the quantities consumed (expressed in the respective units of measurement), the peak power and the amount of 
energy produced (expressed in MWh). Both scenarios fulfill the necessity of energy demanded by the building 
complex. In the first scenario the electricity is completely supplied by the mains (in a year about 2.750 MWh). 
Tab. 1 – Scenario 1: Energy analysis of proposed systems. 
Proposed case 
system summary Fuel type Fuel consumption 
Unit Fuel 
consumption 
"Capacity 
(kW)" 
"Energy delivered 
(MWh)" 
Heating      
Base load Natural gas m³ 70.222 500 804 
   Total 500 804 
Cooling      
Base load Electricity MWh 461 360 1.384 
Peak load Electricity MWh 10 180 30 
   Total 540 1.414 
 
Tab. 2 – Scenario 2: Energy analysis of proposed systems. 
Proposed case 
system summary Fuel type Fuel consumption 
Unit Fuel 
consumption 
"Capacity 
(kW)" 
"Energy delivered 
(MWh)" 
Power      
Base load Natural gas m³ 846.009 500 2.758 
Heating      
Base load Recovered heat   603 2.229 
Peak load Natural gas m³ 15.857 420 578 
   Total 1.023 2.807 
Cooling      
Base load Recovered heat   420 1. 1.402 
Peak load Power system   210 13 
   Total 630 1.414 
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In the second scenario, the proposed system fulfils electricity needs as well (the operating strategy of the 
cogenerator is “power load following”. In some periods of the year, it will be necessary to integrate the production 
of thermal energy with a boiler). 
The phase called “cost analysis”, makes a detailed evaluation of both the initial and annual costs (energy costs 
and maintenance) involved in the project (as described in the previous paragraph). In the table all costs are 
incremental, and they must be added or subtracted taking into consideration case A. 
Tab. 3 - Financial analysis of proposed systems. 
 
 Scenario 1 Scenario 2 
 CASE A vs. CASE B CASE A vs. CASE C 
Initial costs    
Power system € - 600.000 
Heating system € 200.000 - 
Cooling system € -40.000 100.000 
Total initial costs € 160.000 700.000 
Annual costs and debt payments    
O&M (savings) costs € -40.000 40.000 
Fuel cost - proposed case € 123.492 495.027 
Total annual costs € 83.492 535.027 
Annual savings and income    
Fuel cost - base case € 133.133 628.781 
Total annual savings and income € 133.133 628.781 
Financial viability (debt ratio: 0%)    
Pre-tax IRR - assets % 34,9% 18,6% 
Simple payback yr 3,2 5,9 
Equity payback yr 3,0 5,3 
Financial viability (debt ratio: 100%)    
Pre-tax IRR - equity - positive positive  
Pre-tax IRR - assets % 26,5% 6,5% 
Simple payback yr 3,2 5,9 
Equity payback yr immediate immediate 
 
All costs are the differential between the proposed case (B or C) and the case A taken as a reference, being the 
most economical. These data and the financial results are shown in Table 3. 
The summary of financial analysis regarding Scenario 1 and Scenario 2 with cumulative cash flow, calculated by 
RETScreen, during the estimated cycle of life of the plant and the actual cash flows are visible in Fig..2, Fig.3, Fig.4 
and Fig.5.  
In both scenarios, it can be seen that with a debt ratio of 0%, the return on the investment comes after a few 
years, due to a direct investment of the money in the construction of the plant. With a debt ratio of 100%, the return 
is immediate, but it must be subtracted the interest that the lender is claiming. In this case, at the end of the 
estimated period, the cumulative cash flows is lower. In the first scenario, we can see lower values than in the 
second scenario of both the time of return of investments and the cumulative cash flows. This shows that those who 
spend more initially (cogeneration systems are more expensive than other kind of solutions), have more substantial 
financial returns, due to this technical solution. 
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 
Fig. 2, 3 – Cash flows during the whole duration of the project. First scenario: (LH) with debt ratio: 0%; (RH) with debt ratio: 100%. 
 
Fig. 4, 5 – Cash flows during the whole duration of the project. Second scenario: (LH) with debt ratio: 0%; (RH) with debt ratio: 100%. 
4. Conclusions 
The present study focuses on the economic convenience that can be achieved through the installation of 
trigeneration system in a particular site, such as a historical building in Rome. This was obtained thanks to a 
research about technical-economic feasibility. A procedure of economic analysis has been debated. The results are 
deducted from the strong relation of the data inputs. It has been used a software (RETScreen) able to obtain the 
economic outputs of the analysis and its results showed an economical convenience of the cogeneration if compared 
to more established technologies. This tool allows to study a wide variety of scenarios and to explore engineering 
solutions fulfilling energy requirements and having an economic return as well. Taking into account these results 
and a study on the reliability of the system (for optimization of maintenance policies), it is possible to evaluate the 
best possible system solution, through a comparison among different technologies. 
In this case study, each proposed solution satisfies the demands of power and energy required by the complex and 
the continuity of service. To improve the reliability some redundancies are included in the systems, with a 
consequent increase in price of the installations. But the service continuity was one of the main requirements. The 
cases previously analyzed show how the proposed solutions ("CASE B" or "CASE C") respect to "CASE A" 
(solution with the lowest installation costs) have economic benefits in the medium term. 
This paper, reveals how the use of the RETScreen software, for the simulation of different energy scenarios, can 
help with: energy analysis, optimization of plant and architectural restoration of particular buildings (in the form of 
historical buildings) as well. Buildings where the law admits exemption to comply with recent laws regarding 
energy consumption. 
The cogeneration process shows several benefits: from an economic and energetic point of view. It uses in a 
better way the primary fuel and produces less waste. Furthermore there is a saving in the emission of greenhouse 
gases. The European Community is encouraging economically the use of this technology. Emissions are lower than 
traditional energy systems, but they are concentrated in urban environments; unfortunately, co-generation and tri-
generation systems show noise values higher than conventional boilers. As demonstrated in this article, the costs of 
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installation are generally higher than those of corresponding systems which exhibit the same heat production, but 
there are substantial savings on energy costs during the operational life of the plant, due to an amortization of the 
initial cost over a relatively short period of time. Hence the technology has an economic attraction as well. This does 
not occur in every case, but only if the civil constructions under examination have certain operating conditions, as 
the case previously examined in this study. 
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